Introduction
The goal of cancer vaccination is to increase the frequency of tumor-associated antigen (TAA)-specific T cells, which are capable of recognizing and killing neoplastic cells bearing TAA. Unfortunately, most patients with solid tumor and hematopoietic neoplasms are diagnosed in the fifth and sixth decades of life when the response to vaccination is diminished, and they respond poorly to vaccination. [1] [2] [3] [4] TAA are usually presented in Class II MHC. In addition, many factors released by tumor cells directly suppress the development of an adaptive immune response, including trophic factors that induce the expansion of negative regulatory T cells in the tumor tissue.
Our laboratory [5] [6] [7] [8] attached the TAA to the extracellular domain (ecd) of the potent immunostimulatory signal CD40L to create a molecule, which activates dendritic cells by binding the CD40 receptor, and delivers the TAA to the inside of the dendritic cells in which it ultimately becomes presented in Class I MHC. This compensates for the absence of the CD40L on the CD4 þ helper T cells in the older individuals. 9, 10 We also used subcutaneous (sc) injections of the adenovirus carrying the TAA/ecdCD40L transcription unit to activate the innate immune response through the binding of the viral DNA-specific motifs to the Toll-like receptors on the dendritic cells. This further expands the magnitude of the adaptive immune response induced by the vaccine. The use of the TAA/ecdCD40L protein boost to the Ad-sig-TAA/ecdCD40L vector helps to overcome the quantitative deficiency of antigen naive T cells in the cancer host.
We have shown [5] [6] [7] [8] that this Ad-sig-TAA/ecdCD40L vector prime-TAA/ecdCD40L protein boost vaccine (we call this the TAA/ecdCD40L VPP vaccine) can overcome the anergy to TAA present in the TAA/Tg mouse even in old mice in which the response to vaccination is usually diminished.
We have already shown that the induction of an immune response with the TAA/ecdCD40L VPP vaccine does not require the presence of CD4 þ T cells. 5 Several authors have reported that the use of DNA-damaging agents (chemotherapy or radiation) before vaccination increases the magnitude of the increase in the antigen-specific T cells induced by the vaccination. The delivery of vaccination post-chemotherapy or radiation has the advantage that the factors otherwise released by the tumor cells, including factors that induce the expansion of negative regulatory T cells, are decreased at the time of vaccination (because the cancer cells are decreased in number). In addition, vaccination at the time of a depleted or diminished T-cell mass may create a regulatory environment in which the sensitivity to the vaccine-induced expansion of the TAAspecific T cells is enhanced.
To test this hypothesis, we first injected test mice sc with 2 million cells derived from the 32Dp210Bcr-Abl leukemia cell line. The mice were then treated as outlined in Table 1 . The mice that received donor lymphocyte infusions (DLI) from vaccinated donors and that received vaccination post-DLI developed complete responses in 44% of the treated mice and 75% of these mice were disease free in unmaintained remission for over 350 days after the injection of the leukemia cells. This shows that the BcrAbl/ecdCD40L vaccination can expand the number of BcrAbl-specific T cells in mice that are severely lymphodepleted. Similar results were obtained with mice that had been injected sc with the E7/ecdCD40L VPP vaccination of mice first injected with the HPV E7 positive TC-1 cell line, 11 and then given total body irradiation (TBI) and T-celldepleted syngeneic bone marrow cells (TCDBMT) with and without DLI from E7/ecdCD40L VPP-vaccinated syngeneic donors.
Materials and methods

Cell culture and mice
The 32Dp210Bcr-Abl cells 12, 13 were obtained from Dr Brian Druker (Oregon Health Sciences University, Portland); 293 and TC-1 cells were obtained from the ATCC. C3H/HeNHsd mice (H2 K ) and C57BL/6J mice were obtained from Harlan Sprague Dawley. All mice were approximately 6 weeks of age at the time of transplantation.
Construction of Ad-sig-BcrAbl/ecdCD40L vectors and BcrAbl/ecdCD40L protein plasmid expression vectors To identify immunogenic peptide sequences spanning the Bcr-Abl junction, we reviewed earlier experiments and software that focuses on predicting the binding affinity of peptides to MHC molecules. 14, 15 We chose two junctional peptides SSKALQRPV and ATGFKQSSKA. For the sequence encoding a secretory signal sequence and two Bcr-Abl junctional peptides, a pair of DNA oligmers (bcrabl5 and bcrabl6) was synthesized. The sequence of these DNA oligomers (156 and 148 bases each) is available on request. Proper annealing of bcrabl5 and bcrabl6 generates a DNA sequence that encodes an Ig-k-chain secretory signal sequence and two Bcr-Abl junctional peptides (METDTLLLWVLLLWVPGSTGDAAASSKA LQRPVAAATGFKQSSKAAA). This sequence also carries BglII and XhoI recognition sequences at the 5 0 and 3 0 ends, respectively. Those sites were used to insert the bcrabl junctional peptide-containing fragment into the corresponding site of pShuttle-CMV (Quantum Biotech, Inc., Carlsbad, CA, USA). The sequence encoding the ecd of the mouse CD40L (ecdCD40L) was amplified from pDC406-mVD40L 1 and inserted into the Xho1/Xba1 sites. This plasmid was designated pSCMVbcrablCD40L. The pAdsig-BcrAbl/ecdCD40L or pAd-sig-E7/ecdCD40L adenoviral vectors were generated by homologous recombination of pSCMVbcrablCD40L in a bacterial strain BJ5183-pAd1 (Stratagene, Inc., San Diego, CA, USA) for the Ad-sigBcrAbl/ecdCD40L as described earlier. 5, 6 The Ad-sig-E7/ ecdCD40L vector was generated as described in our earlier publication. 5 Bacterial expression and purification of TAA/ecdCD40L fusion protein The mouse CD40L was amplified by the following primers: forward primer 5 0 -CGGATATC G GTCGAAGAGGAA GTAAACCTTC-3 0 ; reverse primer 5 0 -AC CTCGA GTCAGAGTTTGAGTAAGCCAAAAGATGAG-3 0 . The PCR fragment was cloned into the pTriex-2 vector by using EcoRV and Xho I sites. The resulting vector was designated pTriex-ecdCD40L. The E7 fragment was amplified by the following primers: forward primer 5 0 -AA CCA TCA CTC TTC TGG T ATG CAT GGA G AT ACA CCT AC-3 0 ; reverse primer 5 0 -CGCCG GATATC TGG TTT CTG AGA ACA GAT GGG -3.
The E7 PCR fragment was inserted into pTriexecdCD40L using XcmI and EcoRv sites.
The TAA/ecdCD40L cDNA was amplified from pSCMVTAACD40L and inserted into the BglII/Xho1 site of pTriEx-2 Hygro (Novagen, North Ryde, Australia). The resulting vector (pTriEx-2hygroTAA/ecdCD40L) was introduced into Rosetta(DE3)pLacI competent cells (Novagen). Transformed cells were grown and the expression of the protein was induced using Overnight Express Autoinduction System 2 (Novagen). The bacterial cell lysate was prepared by the CellyticB Plus kit (Sigma-Aldrich, St Louis, MO, USA). The TAA/ecdCD40L protein, to which was attached a hexahis tag, was purified from the soluble fraction by the HIS-select Nickel Affinity Gel column fractionation (Sigma-Aldrich). The protein was eluted by increasing concentrations of imidazole. Then, the protein was concentrated and desalted by centrifugation through an Ultra-free-15 Biomax-50 filter (Millipore) and eluted with PBS. The purified TAA/ecdCD40L protein appeared as a single dominant band on molecular weight PAGE gel electropheresis.
Treatment scheme for the BcrABl/ecdCD40L VPPP vaccine The treatment scheme is summarized in Table 1 and in Figure 1 . At 900 cGy, TBI (from our local Cobalt source irradiator) produced irreversible myelosuppression and 100% mortality in mice not receiving bone marrow transplantation, but which could be rescued in 100% of the test mice, which received 10 million T-cell-depleted bone marrow cells.
Donor mice for BMT and DLI for the BcrAbl/ecdCD40L VPP vaccine
Ten male C3H/HeNHsd mice were vaccinated by administering an sc injection of the Ad-sig-BcrAbl/ecdCD40L vector. One and 2 weeks later, the mice were given sc 10 mg injections of the BcrAbl/ecdCD40L protein. Five of those mice were prepared for collection of spleen cells for use in the DLI (five mice), and at the same time, the other five mice were killed for collection of spleen cells to be used in cytotoxicity and ELISPOT assays. Another 10 male unvaccinated C3H/HeNHsd mice were killed for collection of bone marrow cells. The experiments for the E7/ ecdCD40L VPP vaccination of the lymphocyte donors were carried out in a similar manner except that C57BL/6J mice were used.
Recipient mice for the TAA/ecdCD40L VPP vaccine A total of 40 recipient female C3H/HeNHsd mice were used for this study. Among them, 10 mice were used for control Group 1 (see Table 1 ). Another 10 mice were used for the treatment Group 2 (see Table 1 ), which received TBI þ TCDBMT without vaccination of the DLI donors or the recipients. In treatment Group 3 (see Table 1 ), the mice received TBI, TCDBMT, and DLI from unvaccinated donors, but the recipient mice received the BcrAbl/ ecdCD40L vaccination themselves. In treatment Group 4, the mice received TBI, TCDBMT, and DLI from BcrAbl/ ecdCD40L VPPP-vaccinated donors, and these recipient mice received vaccination with three sc injections of the BcrAbl/ecdCD40L protein. The E7/ecdCD40L VPP vaccination of the recipients was carried out in similar manner except that only one sc injection of the E7/ecdCD40L was given to the recipients 7 days after the DLI. ELISPOT and cytoxicity assays were used to characterize the number and functional status of the TAA-specific CD8 þ T cells in vaccinated mice using the methods published earlier. [6] [7] [8] Bone marrow harvesting from donor mice and TBI plus BMT administered to recipient mice Donor bone marrow was T-cell depleted by incubation with CD90 (Thy 1.2) MicroBeads (Miltenyi Biotec Inc., Gladbech, Germany) followed by removal of the cells bound to the antibody conjugated beads. Over 95% of the T cells were removed by this procedure.
Statistical analysis
All parameters were analyzed using Student t-test or analysis of variance, followed by the Scheffe´procedure for multiple comparisons as post hoc analysis. All data shown are presented as mean±s.e.m. Survival was estimated using the Kaplan-Meier product-limit method. Survival rates were compared for statistical differences by using log-rank analysis. P-values 40.05 were considered as statistically significant and all P-values correspond to two-sided significance tests.
Results
Study of the effect of the Ad-sig-BcrAbl/ecdCD40L vector prime Bcr-Abl/ecdCD40L protein boost on the level of the Bcr-Abl-specific CD8 T cells in vaccinated vs unvaccinated mice On the basis of earlier experiments and software models that predict binding affinity of peptides to the MHCbinding pocket, 14, 15 we chose two junctional peptides SSKALQRPV and ATGFKQSSKA. These peptides from the Bcr-Abl junctional domain were expected to bind effectively to Class I MHC molecules of mouse haplotype H2k that corresponds to the Bcr-Abl-expressing 32D cells (32Dp210Bcr-Abl). C3H/HeNHsd mice (H2 k ) were injected sc once with the Ad-sig-BcrAbl/ecdCD40L vector followed by two sc injections of the BcrAbl/ecdCD40L protein boost. Seven days after the completion of the vaccination, the mice were killed and the spleen cells disaggregated into a single cell suspension. As shown in Figure 2a , the BcrAbl/ ecdCD40L VPPP vaccination induced an increase in the It is possible to induce an increase in the level of antigenspecific T cells assayed by ELISPOT and yet find out that they are functionless in one or more assays of T-cell function. Therefore, we compared the cytotoxic function of CD8 þ effector cells collected from Ad-sig-BcrAbl/ ecdCD40L vector prime-BcrAbl/ecdCD40L protein boost vaccinated vs unvaccinated mice. As shown in Figure 2b , the lysis of the p210Bcr-Abl positive 32Dp210Bcr-Abl target cells was significantly higher in the effector/target mixtures, which contained CD8 þ T cells from vaccinated mice. These experimental results show that the vaccination not only resulted in an increase in the level of Bcr-Abl-specific CD8 þ T cells, but also these cells were functionally cytotoxic to p210Bcr-Abl positive target cells (32Dp210Bcr-Abl).
Effect of the BcrAbl/ecdCD40L VPPP vaccine on regrowth of P210Bcr-Abl positive 32D myeloid cells after TBI, TCDBMT, and DLI We next carried out the experiment outlined in Figure 1 . As shown in Figure 3a and Tables 2-4, the average volume of the sc tumor was lowest in Group 4 (the group receiving TBI, TCDBMT, and DLI from the BcrAbl/ecdCD40L VPP-vaccinated lymphocyte donors, and three sc injections of BcrAbl/ecdCD40L booster protein into the recipient). The mean of the tumor volumes of Group 4 mice was statistically significantly lower than the mean volumes of sc tumors in mice in Groups 1 and 2 at all time points at the P ¼ 0.003 level by Student's t-test at 28 days after sc injection of the cell line. This shows that the vaccination of the donors of the DLI with the Bcr-Abl/ecdCD40L VPPP vaccine induced an immune response that suppressed the growth of the 32DP210Bcr-Abl leukemia cells more than the TBI and TCDBMT alone or more than TBI and Abl cells were injected sc in C3H/HeNHsd mice. After 3 days, the mice were administered 900 cGy of TBI. One hour later, each mouse was given 10 million T-cell-depleted bone marrow cells by tail vein injection. Three days later, the mice were given intravenous injection 10 million spleen cells from unvaccinated (Groups 2 and 3) or vaccinated mice (Group 4). Mice in Groups 3 and 4 then received three sc injections of the BcrAbl/ecdCD40L protein on 10, 17, and 24 days after the TBI and TCDBMT as described in Materials and methods. Group 1 received sc injection of 2 million 32Dp210Bcr-Abl cells without TBI, TCDBMT, or DLI. The mean of the tumor volumes of Group 4 mice was statistically different from the volumes of tumors in other groups at the P ¼ 0.003. (b) Survival. Two million 32Dp210Bcr-Abl cells were injected sc in C3H/HeNHsd mice. After three days, the mice were administered 900 cGy of TBI. One hour later, each mouse was given 10 million bone marrow cells, which were depleted of T cells by tail vein injection. Three days later, the mice were given intravenous injection 10 million spleen cells from unvaccinated (Groups 2 and 3) or vaccinated mice (Group 4). Mice in Groups 3 and 4 then received three sc injections of the BcrAbl/ecdCD40L protein on 10, 17, and 24 days after the TBI and TCDBMT as described in Materials and methods. Group 1 received sc injection of 2 million 32Dp210Bcr-Abl cells without TBI, TCDBMT, or DLI. The mice were monitored for cumulative survival. The mice in Group 3 had a survival, which differed statistically significantly from the other groups at the P ¼ 0.00001. The results of cytotoxicity assay. The mice were injected sc once with the Adsig-BcrAbl/CD40L vector followed in 7 and 14 days by sc injections of the BcrAbl/ecdCD40L protein boost (vaccinated). The spleen cells from vaccinated and unvaccinated mice were incubated with Bcr-Abl-specific peptides in the presence of IL-2 for 5 days. The CD8 þ effector cells were then isolated and incubated with 32Dp210Bcr-Abl cells in the effector/ target ratios as indicated. The cytotoxicity was measured by LDH release as described in Materials and methods.
Vaccine for lymphopenic hosts TH Han et al TCDBMT followed by DLI from unvaccinated donors. As shown in Figure 3a and Table 2 , the mean of the tumor volumes of Group 3 mice (received DLI from unvaccinated donors, but then the recipients of DLI received three sc injections of the vaccine) was significantly lower than tumor volumes in Groups 1 and 2 from 6 to 21 days (see Figure 3a and Table 2 ).
As shown in Figure 3b and Tables 3 and 4 , all mice were dead in Groups 1 and 2 by day 32. In contrast, 38% of Group 3 mice were alive at day 32. Seventy-eight percent of the Group 4 mice were alive at day 32. Forty-four percent of the Group 4 mice developed complete responses and 75% of these completely responding mice in the vaccinated Group 4 mice survived disease free over 350 days in unmaintained remission after sc injection of the leukemia cells (Table 3) . The difference between survival of Group 4 mice and the survival in mice belonging to Groups 1 and 2 was statistically significant at the P ¼ 0.00001 level by the log-rank test.
Effect of the E7/ecdCD40L VPP vaccine on regrowth of E7 positive TC-1 cells after TBI, TCDBMT, and DLI To extend the findings described above for Bcr-Abl leukemia cells to solid tumor neoplasms, we tested the effect of adding DLI from E7/ecdCD40L VPP-vaccinated donors and E7/ecdCD40L vaccination of the recipient of TBI and TCDBMT for a solid tumor malignancy: cervical cancer. The first task was to show that the Ad-sig-E7/ ecdCD40L vector prime-E7/ecdCD40L protein boost strategy would work for E7. As shown in Figure 4a , the levels of the E7-specific splenic CD8 T cells of the vaccinated mice increased as one proceeded from V to VP to VPP and to VPPP (all pair wise comparisons among VP, VPP, and VPPP are significantly different at the Po0.05 level). As shown in Figure 4b , the levels of the E7-specific serum antibodies against the E7 B cell epitope EIDGPAG-QAEPDRAHYNIVTFCCKCD of the vaccinated mice increased significantly with 1 (VP), 2 (VPP), and 3 (VPPP) protein boosts after the initial vector injection. At a dilution factor of 1/1000, the difference of the serum antibody levels in the vaccinated vs the control group was statistically significantly different at the P ¼ 0.004 level for VP mice, at the Po0.001 level for the VPP mice, and at the Po0.0001 for the VPPP mice (Figure 4b) .
The donor for post-TCDBMT DLI was first vaccinated with the Ad-sig-E7/ecdCD40L vector prime-E7/ecdCD40L protein boost VPP vaccine before collection of the DLI. The recipient C57BL/6J mice were injected sc with 100 000 E7 TC-1 cells on day À7 (D-7) ; 1200 cGy of TBI were administered on day 0, 7 days after injection of the tumor cells. This dose is different from the one used for the BcrAbl/ecdCD40L VPPP experiment outlined above. The irradiator at our center was modified between the two experiments accounting for the differences in the dose. One hour after the TBI, the mice were transplanted with a single intravenous injection of 10 million T-cell-depleted bone marrow cells from a syngeneic donor (D0). Spleen cells (50 million) collected 7 days after completion of the E7/ecdCD40L VPP vaccination of a syngeneic donor were given to mice on 3 days after TBI and TCDBMT. The recipient also received one sc injection of the E7/CD40L protein boost vaccination 1 week after the DLI.
As shown in Figure 5a , the administration of the TBI and TCDBMT 7 days post-injection of the TC-1 cells, DLI from a E7/ecdCD40L VPP-vaccinated donor 3 days after transplant (10 days after the E7 positive TC-1 tumor injection), and a single E7/ecdCD40L protein boost sc vaccination 1 week thereafter, resulted in a growth rate of the E7 positive tumor cells, which was less than the mice in the control group (injection of tumor cells without TBI/ TCDBMT or DLI), or the animals in which the sc injection of the E7 positive tumor cells was followed in 7 days by TBI and TCDBMT without DLI or vaccination of the recipient. These data shows that the addition of DLI from an E7/ecdCD40L VPP-vaccinated donor to a TBI and TCDBMT, followed by E7 VPP vaccination of the recipient, generates more suppression of E7 positive tumor than the same TBI/TCDBMT without DLI from an E7/ecdCD40L VPP-vaccinated donor and vaccination of the recipient (see Figure 5b) . a Days after TBI and T-cell-depleted bone marrow transplantation.
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Discussion
Vaccine for cancer hosts P210Bcr-Abl has been identified as a TAA in CML. [16] [17] [18] We applied this result to our adenoviral vaccine platform, [5] [6] [7] [8] which had been engineered to circumvent the defects acquired in the aged immune system and to improve presentation of P210Bcr-Abl-specific junctional peptides in Class I MHC. We further tried to increase the magnitude of the immune response to the vaccine by the infusion of T cells from syngeneic donors after vaccination with the TAA/ecdCD40L VPP vaccine in a lymphodepleted syngeneic recipient and/or recipient vaccination. Although several experiments showed that tumor vaccines can be effectively used in the early post transplant period, 19 we first report here the trial of adenoviral vaccine against p210Bcr-Abl during periods of lymphopenia, which follow TBI and TCDBMT.
As shown in Figure 3 , the only group in which the growth of the p210Bcr-Abl32D cells was completely suppressed (in five of the nine treated mice) was Group 4 (which received spleen cells from vaccinated donors and were vaccinated in the setting of lymphodepletion after TBI and TCDBMT). VPPP vaccine. The donor mice were exposed to the following E7/ ecdCD40L vaccinations: V, VP, VPP, and VPPP. The cells were harvested 7 days post-completion of the vaccination and then exposed for 48 h to the E7 positive TC-1 cell line, which had been mitomycin C treated. Then, the ELISPOT assay was carried out as described in Materials and methods. There were 10 mice per group. (b) ELISA assay of E7-specific T-cells post-E7/ecdCD40L VPPP vaccine. The donor mice were exposed to the following E7/ecdCD40L vaccinations: V, VP, VPP, and VPPP. The peripheral blood sera were harvested 7 days post-completion of the vaccinations. Then, the ELISA assay was carried out as described in Materials and methods. There were 10 mice per group. TCDBMT, and DLI from vaccinated and unvaccinated donors followed by E7/ecdCD40L vaccination. The recipients were injected sc with 100 000 TC-1 cells on day À7 and then received 1200 cGy TBI 1 h later and TCDBMT (10 million cells) 3 days later. The T-cell depletion of the BM was monitored by flow cytometry of the non-adherent cells after the treatment with antibodies in vitro, which were directed to CD4 þ and CD8 þ T cells. The level of these cells was reduced to o2% by the in vitro antibody treatment. Three days after the TBI and TCDBMT, the recipients received, where indicated, 50 million spleen cells from the tumor-freevaccinated donors. Recipients were also given, where indicated, sc injections of 10 mg of the E7/ecdCD40L protein. Tumor growth at the site of the sc injection of the tumor cell line was monitored by measurement with calipers. Group 1 received sc injection of 100 000 TC-1 cells without TBI, TCDBMT, or DLI. Group 2 received TC-1 cells followed in 7 days by TBI and TCDBMT. Group 3 received 100 000 TC-1 cells followed in 7 days by TBI, TCDBMT, and DLI from E7/ecdCD40L VPP-vaccinated donors, and then one sc injection of the E7/ecdCD40L protein. (b) Survival of E7 positive TC-1 cells in recipients of TBI, TCDBMT, and DLI from vaccinated donors followed by E7/ecdCD40L vaccination. The methods were the same as outlined in (a).
